Please cite this article as: Gautam, M., Katnam, K.B., Potluri, P., Jha, V., Latto, J., Dodds, N., Hybrid Composite Tensile Armour Wires in Flexible Risers: A Multi-scale Model, Composite Structures (2016), doi: http://dx.doi.org/ 10. 1016/j.compstruct.2016.11.090 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. comprising of hexagonally packed polymer composite rods with uni-directional fibres and an over-braided (i.e. bi-axial braid with high performance fibres) sleeve. These hybrid composite wires offer opportunities to tailor their mechanical properties by varying the geometrical (e.g. rod diameter, packing) and processing parameters (e.g. material selection, braid pattern) involved. In order to understand the mechanical behaviour of these hybrid composite armour wires, this paper presents a multi-scale model developed by using a combined analytical-computational approach. The multi-scale model is developed to predict the torsional and flexural behaviour of the hybrid composite wires; and the role of over-braid structural parameters, pretension and internal friction are investigated. The behaviour of the multiscale model is found to be in good agreement with the experimentally observed behaviour. After validating the multi-scale model with the experimental data available for specific configurations, parametric studies are conducted on the torsional and flexural behaviour of the hybrid composite wires to study the role of internal friction between un-bonded components and the braid tow tension in the over-braided sleeves.
Introduction
There is a growing need for innovation in the design and manufacture of flexible risers as the Oil & Gas industry continues its efforts in exploring deeper offshore reservoirs. Flexible risers carry fluids from the facilities at the sea bed to floating units. A typical un-bonded flexible riser comprises of multiple un-bonded layered assembly, consisting of helically wound metallic wires (rectangular cross-section) as pressure and tensile armours that are inter-layered with polymeric sheaths, which help the riser to be highly compliantespecially in flexural mode. Although flexible risers are highly deformable and compliant in flexural mode, yet they provide a strong and stiff response to internal/external pressure, tension and torsion [2] . Among different layers in a traditional un-bonded flexible riser, the tensile armour is an integral part consisting of metallic (typically carbon-steel) wires with a rectangular cross-section, which resists tensile, flexural and torsional loads [3] [4] [5] .
Major failures in flexible risers are often driven by the damage and failure of tensile armours [6] , which include crack nucleation, tensile fatigue, radial buckling, and lateral buckling. Moreover, carbon-steel, which is the most widely used material for tensile armour wires, is more prone to environmental degradation (e.g. corrosion, hydrogen sulphide induced stress cracking [7] ), and thus the type of carbon-steel to be used depends upon the service environment and conditions. Recent works [8] [9] [10] [11] have shown great potential for carbon fibre thermoplastic and thermoset matrix composites (similar dimensions to metallic wires) in replacing metallic tensile and hoop armours. These composites show higher tensile strength and fatigue, excellent corrosion resistance, and enable significant overall weight reduction of flexible riser systems.
However, these composite wires develop high strains when wound in the riser, limiting the usable thickness and resistance to brittle damage/fracture.
Due to the limitations of carbon-steel material and the recently introduced carbon composite tensile armour wires, a novel hybrid composite armour wire (as shown in Fig. 1 ) is proposed by Gautam et al. [1] . These hybrid composite armour wires consist of carbon and vinyl ester pultruded rods, stacked in form of hexagonal closed packing, completely un-bonded to each other, but held together by an over-braided ultrahigh molecular weight polyethylene (UHMW-PE) fibres-commercially known as Dyneema. The combination of braiding and pultrusion process together can help in continuous production of tensile armour wires. The hybrid composite armour wires aim not only to provide lower torsional and flexural rigidities but also to ensure high tensile stiffness and strength. The structure is analogous to the structure of flexible riser itself, comprising of multiple un-bonded components. This paper, with emphasis on computational modelling, is an extension to the experimental work conducted by the authors in Gautam et al. [1] . A multi-scale model is developed by using a combined analyticalcomputational approach for the hybrid composite armour wires to study the torsional and flexural behaviour as a function of over-braid parameters, internal friction, and braid tow pre-tension. The over-braided sleeve is modelled as a homogenised orthotropic shell; and the composites rods are modelled as homogenised orthotropic solids. These homogenised elastic properties are then used to develop a multi-scale model for the hybrid composite wires. The internal friction between composite rods as well as the rods and the shell (i.e.
homogenised over-braid sleeve) are also incorporated in the model. Moreover, braid tow pre-tension is accounted for in the form of an equivalent hoop pressure and then exerted on the composite rods. The combined analytical-computational approach proposed reduces computational effort as micro-and mesoscale computational models are avoided. The experimental response is used to validate the model and then further employed for parametric analyses.
Materials and Manufacturing
The procedure followed for the manufacturing and testing of the hybrid composite armour wires is reported by the authors in Gautam et al. [1] . The manufacturing process of the hybrid composite wires involved overbraiding of hexagonally packed pultruded rods, where each rod had a diameter of 4 mm. This form of packing provides the highest packing efficiency, and densest packing for straight cylinders when their axes are parallel [12] . This form of packing also extends the interaction of energy between the rods [13] and geometrically all the pairs of neighbouring axes are located at a constant distance from each other. Prior to the braiding process, the packed rods were taped at the ends and no adhesive is used to bond the rods together. For over-braiding the hexagonally packed rods, regular (2/2) and diamond (1/1) braid topologies are used, and three different braid angles (30°, 45° and 55°) are employed. The hexagonal packed rods are over-braided using 24 and 48 carrier braiding machines. All 24 carriers on a 24 carrier machine are used to produce a regular (2/2) braid topology, and only 24 carriers on a 48 carrier machine are employed to obtain a diamond (1/1) braid topology. These two configurations are considered to study the effect of braid topology on the flexural and torsional behaviour of the hybrid composite wires.
The braid structural parameters are given in Table 1 . These parameters are measured physically and through image analysis. The crimp phenomenon in a braid refers to the waviness or undulation of a tow as a result of interlacement between tows. Braid crimp can be quantified (see Eq. 1) as the ratio of the difference between the length of the crimped tow (L c ) and the length of the non-crimped tow (L nc ) to that of the length of the crimped tow (L c ). The braid crimp percentage (C) for all the braided configurations is calculated using Eq. 1.
The crimp factor (α) derived from the crimp ratio (A) (see Eqs. 2 & 3) can be used to calculate the crimp angle (β), as in Eq. 4, that the tows make upon crossing over and under the other tows during braiding. The following equations are taken from ISO 7211-3 [14] .
When the braid angle is increased from 30º to 45º, it can be observed from Table 1 that the braid crimp increased by 12% for the diamond braid and 38% for the regular braid. When the braid angle is increased from 45º to 55 º, the braid crimp increased by 79% for the diamond braid and 52% for the regular braid. This increase in braid crimp with an increase in braid angle is thought to have caused by the increase in braid density, which increases as more tows are deposited per unit length [7] . The effect of braid topology on braid crimp is found to be significant for 30º and 55º braid angles, where a decrease of 18% in braid crimp for 30º braid angle and a further decrease of 14% for 55º braid angle is observed when the topology is varied from diamond to regular. However, for 45º braid, a small decrease in braid crimp, only about 0.8%, is observed as the topology is varied from diamond to regular. For the diamond and regular braids produced using the same number of tows, the same length of tow in a regular braid experiences a lower crimp as compared to that of the diamond braid due to its higher float length.
Mechanical Characterisation

Flexural Behaviour
As there were no specific standard for testing material systems or structures that are similar to the proposed hybrid wires, from the available standards [15] [16] [17] related to fibre-reinforced composite materials, ASTM D7264 [13] is used as it contained test procedures both for three-point and four-point flexural tests. The specimens are taped within 10 mm at both ends using high performance tape, depicting flexural behaviour of long lengths armour wires. For the two types of flexural tests, a span-to-thickness ratio of 32:1, i.e. a span length of 352 mm, is chosen for the hybrid wires. The total specimen length of 500 mm is used, conforming to the standard specification, which suggests 10% extra specimen length at the ends. The cross-head speed of 5 mm/min as recommended is used with a 10 kN load cell. The flexural tests are conducted up to a maximum mid-point deflection of 55 mm; however, with an emphasis on the elastic response of the hybrid wires, the results are only reported up to 2.5 mm mid-point deflection.
Torsional Behaviour
The torsion tests, with a gauge length of 100 mm, are carried out up to a maximum limit of 400 º/m for the hybrid wires [1] . A total of 5 specimens for each configuration (see Table 1 
Multi-scale Modelling Methodology
A multi-scale model is developed by using a combined analytical-computational approach for the hybrid composite armour wires. An overview of the methodology employed is shown in Fig. 2 . The aim is to study the torsional and flexural behaviour as a function of over-braid parameters, internal friction, and braid tow pre-tension. The over-braided sleeve is modelled as a homogenised orthotropic shell; and the composites rods are modelled as homogenised orthotropic solids. The homogenised elastic properties, which are obtained from analytical models for the composite rods (i.e. using a micro-mechanical model) and the overbraid sleeve (i.e. using a meso-mechanical model, which is based on the model proposed for a tri-axial braids in [1] ), are used to develop a multi-scale model for the hybrid composite wires. The internal friction between composite rods as well as the rods and the shell (i.e. homogenised over-braid sleeve) is incorporated in the model. Moreover, braid tow pre-tension is accounted for in the form of an equivalent hoop pressure and then exerted on the composite rods. The combined analytical-computational approach proposed could considerably reduce computational effort as micro-and meso-scale computational models are not considered.
The composite rods are modelled as transverse isotropic solids, and their elastic properties are obtained experimentally wherever possible, while the other properties are predicted using micro-mechanical models by using the properties of fibre, matrix and their volume fraction in the composite. For the bi-axial overbraided sleeve, which is modelled as an orthotropic shell, the homogenisation procedure for the elastic properties of over-braided sleeves is relatively complicated as the properties of the braid will be different from the properties of the individual fibre tows used to produce the braid architectures. There are several experimental and analytical studies conducted on braided structures [19] [20] [21] [22] [23] , especially with regard to biaxial braided sleeves with and without a core. However, none of them can directly be employed to predict homogenised properties that can represent the over-braided sleeve as an equivalent orthotropic shell for the current multi-scale analysis. In this regard, an alternative approach is employed here by using the analytical approach presented in [18] for tri-axial braided composites.
Composite Rods: A Micro-mechanical Model
The uni-directional composite rods, which are stacked in the form of a hexagonal closed pack for producing the hybrid wires, are considered to be transversely isotropic. As the composite rod, made of carbon fibre and vinyl ester with high fibre volume fraction, the composite rod satisfies the condition of transverse isotropy.
The values of E 11 and G 12 are determined experimentally following ASTM D3916 [24] , and are given in Table 2 . The remaining elastic properties of the composite rods are calculated using micro-mechanical models [26] [27] [28] considering the fibre volume fraction as well as the material properties of fibre and matrix (given in Table 2 ).
Over-braided Sleeve: A Meso-mechanical Model
A meso-scale analytical model, which is based on the model proposed for tri-axial braided composites in [14] , is used to estimate the homogenised orthotropic properties of the over-braided sleeve with bi-axial regular and diamond braid topologies. The analytical model [18] , which accounts for crimp angle, geometrical characteristics and fibre volume fraction, predicts the effective properties of tri-axial braided composites by combining the stiffness contributions of the axial tows, the braid tows and the matrix. As the over-braid sleeves used in the hybrid wires are dry bi-axial braids, the volume fraction of the axial tows and the matrix surrounding the braid tows are assumed to be zero in order to estimate the homogenised orthotropic properties. The model proposed in [18] , assumes fibre tows as composite rods. In order to satisfy this condition, the fibre volume fraction in a tow (assumed to be a composite rod) is assumed to be 70%. The matrix chosen for the tow is high density poly-ethylene with low tensile and shear stiffness (E = 0.70 GPa and ν = 0.40 obtained from [32, 33] ). The polyethylene based matrix is also chosen because the braid fibres are also poly-ethylene based (UHMW-PE fibres). The elastic properties of UHMW-PE tows were calculated using micro-mechanical models and are reported in Table 4 . The elastic properties of the fibres in the tow are also given in Table 4 , which are assumed to be transversely isotropic.
First, the model transforms the stiffness matrix of a braid tow by incorporating the crimp angle, and then transforms the transformed stiffness matrix of the tow (inclusion of crimp) by including the braid angle ± θ.
This transformed stiffness matrix, which includes both the crimp angle and the braid angle, is then used for calculating the braid stiffness by including the structural parameters of the braid. This is represented in Eq. 5, where ܵ and ܵ are the compliances of bi-axial tows for a particular braid angle (ܵ for +θ and ܵ for -θ). Moreover, ܸ is the percentage of bi-axial tows and ܸ ௧ is the volume of the braid unit cell.
The homogenised properties of the over-braid sleeves, calculated using the meso-scale analytical model, are given in Table 5 . As it can be seen, for the braid angles considered (i.e. from 30° to 55°), an increase in the braid angle leads to a decrease in the axial modulus as expected. The effect of braid topology on the axial modulus is also observed. Regular braid topology provides a higher axial modulus because of a lower crimp angle and float length. Higher crimp values as in the case of the diamond braid topology, offer higher extensibility, thereby reducing the resultant stiffness of the sleeve as compared to the regular braid topology.
A decrease in the Poisson's ratio (1-2 plane) with an increase in braid angle is also expected as an increase in braid angle increases the longitudinal strain and decreases the transverse strain. An increase in braid angle leads to a decrease in shear stiffness, which is expected to be a maximum for a 45° braid angle when compared to the values for 30° and 55° braid angle as reported in [37] . The reason for this unexpected trend is due to the sensitivity of the analytical model towards crimp angle, which increases with an increase in the braid angle.
Hybrid Composite Wires: A Multi-scale Model
The torsional and flexural response of the hybrid wires is analysed using a multi-scale approach. The homogenised properties obtained for the composite rods and the over-braid sleeves are used in developing the model. The model is implemented in Abaqus/Standard 6.13.
Geometry and Mesh
To model the hybrid wires, the individual composite rods are modelled as an orthotropic continuum and the over-brad sleeve as an orthotropic shell. The material orientation employed for the composite rods, the overbrad sleeve (i.e. shell), and the assembly are shown in Fig. 3 . A 4-node general purpose shell element (i.e. S4) is used for modelling the over-brad sleeve. For the composite rods, an 8-node continuum element (i.e. C3D8) is employed. A hexahedral mesh was chosen as it offers numerical advantages [38] [39] [40] . The mesh sensitivity studies are carried out prior to parametric studies.
Interaction Properties
The interaction between the composite rods as well as the composite rods and the over-brad sleeve are incorporated in the model. To account for internal friction, it is important to measure the coefficient of friction between the composite rod surfaces (µ r ) and also the over-braided sleeve surface (modelled as a shell) and the composite rod surfaces (µ s ). As a matrix-rich layer is observed at the surface of the pultruded rods used in this study (see Fig. 4 ) the inter-rod friction behaviour is assumed to be dictated by the matrixrich layer. The coefficient of friction between solidified vinylester resin is approximately 0.49 [41] , and is thus used as the coefficient of friction (µ r ) for modelling the inter-rod friction. The coefficient of friction for the braid fibres is known to be very low, offering abrasion resistance. The value of µ s is experimentally measured using the test setup shown in Fig. 5 (using tow tensions T 1 , T 2 , and the wrap angle, γ) and Eq. 7, and is found to be approximately 0.062.
The interaction behaviour, i.e. the contact between the composite rods, and also between the shell and the rods, is defined using the master and slave surface definitions in Abaqus/Standard 6.13 together with hard contact for the normal response and with friction for the tangential response. The hard contact relationship minimizes the penetration of the slave surface into the master surface at the constraint locations and does not allow the transfer of tensile stress across the interface. The hard contact is defined between the rods, and between the shell and the rods. It is important to note that the hybrid wires are held together by the overbraid sleeve (shell) which exerts hoop pressure (tow tension inside the braid) on the hexagonally packed rods. To account for this phenomenon, an additional load step is introduced by which hoop pressure is incorporated into the model. The hoop pressure (p 0 ) is calculated using Eq. 8 presented in [42] , which transforms the braid tow pre-tension into an equivalent hoop pressure for a single bi-axial braid layer (representing the over-braided sleeves in the hybrid wires). The Eq. 8 is in general applicable to filament wound structures as well as braided structures [43] .
From Eq. 8, the equivalent hoop pressure (p 0 ) can be calculated for a specific value of tow tension inside the braid (T), braid angle (θ), tow width (w) of the bi-axial braid sleeve for a circular cross-section. The distance from the centre of the core to the mid-plane of the biaxial sleeve is r 1 , and the radius of the core is r 2 . The Eq. equivalent hoop pressure values between the diamond and regular braid topologies, it can be seen that the diamond braid topologies impart higher hoop pressure due to lower tow width values (see Table 6 ).
Boundary Conditions
The torsional and flexural behaviour of the hybrid wires are investigated using two different loading and displacement conditions. The boundary conditions used for predicting the elastic behaviour under torsion, three-point flexure and four-point flexure are shown in in Fig. 6 .
For torsion, the length of the model used is the length of the experimental test specimens (i.e. 100 mm).
Using kinematic coupling constraints, which are used to constraint all the surface nodes at edges to reference nodes, the boundary conditions (i.e. apply rotation to one reference node and fixing the other reference node)
are applied to the model. A twist of 3 °/m is applied to the first reference, whilst all degrees of freedom are constrained at the second reference node. Fig. 6b ). At the other cross-sectional plane, in contact with support pin, the rods and the shell which are in contact with the support pin are constrained to avoid the nodal displacements which allow the experimental boundary conditions to be implemented. The lateral displacement constraints are used to avoid any rigid body motions. Similar boundary conditions are also employed for four-point flexure, with an exception on the load pin location where the displacement is applied. A displacement of 2.0 mm is applied onto the top face of the shell at the mid-span cross-section as shown in Fig. 6c . In addition, to incorporate the effect of braid tow pre-tension, an equivalent hoop pressure (estimating for a given braid tow tension) is applied on the shell in the model.
Results and Observations
The multi-scale model is used to investigate the effect of the structural parameters of the over-braid sleeve on the flexural and torsional behaviour of the hybrid wires. Two different pre-load conditions are considered:
(a) with the equivalent hoop pressure and (b) without the equivalent hoop pressure applied by the over-braid sleeve on the rod bundle by using the interaction properties and the equivalent hoop pressure discussed in Section 4.3.2.
Torsional behaviour
The experimental torsional response of the hybrid composite wires is compared with the predicted torsional response for different over-braded sleeve configurations and shown in Fig. 7 . The curves shown in Fig. 7 are normalised using the experimentally measured torque for the diamond braid topology with 30° braid angle at 3 °/m rotation. As seen in Fig. 7 , the experimental and predicted responses are in good agreement, with a maximum deviation of nearly 8% for 30° braid angle with the diamond braid topology (with the equivalent hoop pressure) because of high in-pane shear stiffness. From the torsion experiments, the highest torsional rigidity is observed for 45° braid angle, followed by 30° and 55° braid angles. The highest torsional rigidity of 45° braid configuration conforms to the trend predicted by the composite laminate theory that predicts the highest in-plane shear modulus (G 12 ) for 45° ply-orientation, followed by 30° and 55° ply-orientations [37] .
In a study conducted in [44] to determine the effect of braid angle upon the torsional properties of bi-axial braided composite tubes, it was observed that specimens with 45° braid angle provided the highest shear modulus among two other braid angles of 31° and 65°. In addition, in a study conducted in [45] on braided pultruded composites, specimens with 45° braid angle provided the highest shear modulus, followed by specimens with 30° and 55° braid angles.
The effect of braid topology is observed to have a considerable effect on the torsion tests. The hybrid wires with regular braid topologies offered higher torsional rigidities, for all three braid angles used, because of lower crimp values, when compared with the hybrid wires with diamond braid topologies. The effect of braid angle is found to be significant; the highest torsional rigidity is predicted for 30° braid angle, followed by 45° and 55° braid angles, for both diamond and regular braid topologies. This is partly in contradiction with the experimental response, the highest torsional rigidity is observed for 45° braid angle, followed by 30° and 55° braid angles. This is because of the highest shear properties predicted for 30° braid angle (see Table 5 ), followed by 45° and 55° braid angles. The homogenisation techniques used for the bi-axial over-braided sleeve is sensitive to crimp angle that increases with an increase in braid angle. However, the multi-scale model successfully predicts the effect of braid topology; the regular braid at all three braid angles offered high torsional rigidity as compared to the diamond braid topology, which is in agreement with the experimental behaviour.
The stress distribution in the composite rods (the over-braided sleeve/shell is not shown) under torsion is shown in Fig. 8 at 3°/m twist: (a) without the equivalent hoop pressure (Fig. 8a) and (b) with the equivalent hoop pressure (Fig. 8b) . As shown in Fig. 8a & 8b , although the peak stresses in the rods are very small (<3 MPa in Fig. 8a and <13 MPa in Fig. 8b ), the hoop pressure has an effect on the stress distribution as it introduces internal friction between the rods. Moreover, the effect of equivalent hoop pressure is observed to be negligible on the normalised curves shown in Fig. 7 , where a marginal increase (0.8% on average) in torsional rigidity is seen for both diamond and regular braid topologies. However, this effect could be considerable when the coefficient of friction as well as the length of the specimen is large.
Flexural behaviour
Three-point flexure
The comparison of the experimental and predicted response of the hybrid composite wire specimens to threepoint flexure for different braid configurations is shown in Fig. 9 . The curves are normalised with the bending moment applied in the case of 30° braid angle and diamond braid topology at 0.25 m -1 curvature. As observed in Fig. 9 , a good agreement is found between the experimental and predicted behaviour when no hoop pressure is incorporated in the analysis. However, when the equivalent hoop pressure is incorporated, a small increase in stiffness compared to the case with no hoop pressure is observed between the experimental and multiscale model behaviour, with a maximum deviation of 11% for 55° braid angle with diamond braid topology because of highest hoop pressure value.
The reason for higher deviations between the experimental and multiscale model behaviour could be due to the experimental test procedure followed. The test specimens are cut from very long hybrid wires and then taped at the ends for applying the boundary conditions. This could have altered the effective hoop pressure exerted by the over-braid on the rod bundles, especially at the specimen ends. This could also be the reason for a better correlation observed between the predicted (when no hoop pressure is applied) and experimental behaviour. If specimen lengths which are longer than the minimum requirement of the test standard used
(which recommends a minimum extra length of 10% of span length at both the ends), the effects arising from the specimen preparation are expected to be considerably reduced.
As observed in Fig. 9 , experimentally, marginal changes in flexural behaviour are observed with the change in braid angle. Such minor change could be due to the dry nature (no resin matrix) of the over-braid sleeve.
When the braid is impregnated with resin (i.e. in rigid composite form), its effect can be more pronounced;
and an increase in the braid angle could lead to a decrease in flexural rigidity as presented in [44] . Also due to the resin impregnation, there is no hoop pressure exerted by braid sleeve on the core it is braided on, as they are separated by the matrix. The effect of braid angle and braid topology is captured with the help of the multi-scale model which otherwise could not be observed experimentally. As expected (the trend observed in [44] ), an increase in braid angle leads to a decrease in flexural rigidity (again marginal) in absence of hoop pressure. However as the hoop pressure is incorporated an increase in flexural rigidity is observed as the braid angle is increased, due to increase in hoop pressure (which increases as braid angle increases). The diamond braid topology depicted higher flexural rigidities as compared to regular braid topologies, due to higher hoop pressure values that stem from lower tow widths as compared to regular braid structures.
The stress distributions in the hybrid wires under flexure are shown in Fig. 10 , where the effect of hoop pressure can be observed, at 0.25 m -1 curvature (i.e. 2.5 mm mid-span deflection), for both the cases: (a) without the equivalent hoop pressure (Fig. 10a) , and (b) with the equivalent hoop pressure (Fig. 10b ). For the cross-sectional plane in contact with the load pin (i.e. at mid-span), similar stress distributions are observed for the rods, with stress concentrations at the top and bottom fibres in each rod due to bending. The overbraid shell shows lower stresses in comparison with the rods, primarily due to its lower stiffness in comparison to the composite rods.
The cross-section in contact with the support pin has the highest stress concentration on the bottom rods at the contact points and the shell edge in contact with the support pin. Note that these stress concentrations at the support pin are due to the test conditions and thus may not be relevant to the in-situ stress states in long tensile armours wires. The higher stresses, in the presence of equivalent hoop pressure, contributed to the bending moment versus curvature curves in Fig. 9 , where in the case of diamond topology, an increase of nearly 2.8% (average) is observed. However, in the case of regular topology, a smaller increase of 1.7%
(average) is seen with the equivalent hoop pressure. The increase in flexural rigidity in the case of diamond topology is due to the lower tow width in comparison to that of the regular braid topology.
Four-point flexure
The experimental behaviour of the hybrid wires is compared with the multi-scale model behaviour for different braid configurations and is shown in Fig. 11 under four-point flexure. The curves are normalised with the bending moment applied in the case of 30° braid angle and diamond braid topology at 0.16 m -1 curvature (i.e. mid-span deflection of 2.5 mm). As observed in Fig. 11 , a good agreement is found between the experimental and multi-scale model behaviour when no hoop pressure is incorporated into the model.
However, when the equivalent hoop pressure is incorporated, some deviation in stiffness, compared to the case with no hoop pressure, is observed between the experimental and multi-scale model behaviour, with a maximum deviation of 19.5% for 55° braid angle with diamond topology, due to highest hoop pressure value. The reason for this deviation between the experimental and predicted behaviour could be due to the experimental test procedure followed, similar to the case of three-point flexure. However, the reason for the higher deviation, compared to the predicted three-point flexural behaviour, is because the load point in fourpoint flexure is at half the distance compared to three-point flexure, reducing the effect of hoop pressure.
This could also be the reason for a better correlation observed between the predicted (when no hoop pressure is applied) and experimental behaviour.
As observed in Fig. 11 , marginal changes in flexural behaviour are observed with the changes in braid angle and topology. However, the effect of braid angle and topology is captured by the multi-scale model. As expected (trend observed in [44] ), an increase in braid angle led to a decrease in flexural rigidity, when no hoop pressure is present. However, as the hoop pressure is incorporated an increase in flexural rigidity is observed as the braid angle is increased, due to increase in hoop pressure values. The diamond braid topology showed higher flexural rigidities in comparison with regular braid topology, just as in case of three point flexural, due to higher hoop pressure values. The stress distributions are shown in Fig 12, where the effect of the equivalent hoop pressure can be observed, at 0.16 m -1 curvature (i.e. mid span deflection of 2.5 mm), for both the cases: (a) without hoop pressure (Fig 12a) , and (b) with the equivalent hoop pressure (Fig   12b) . For the cross-sectional plane in contact with the load pin, stress concentrations are observed in the shell and rods as shown in Figs. 12a and 12b. For the cross-section at the mid-span, the rods show a similar stress distribution. The higher stresses, in the presence of the equivalent hoop pressure, contributed to the bending moment versus curvature curves in Fig 11, where a considerable effect of the equivalent hoop pressure is observed for both diamond and regular braid topologies.
Discussion
The multi-scale modelling methodology used for the torsional and flexural response of the hybrid composite wires is validated with the experimental data in Section 5. Although the model is developed based on several assumptions at each scale involved, the predicted elastic behaviour of the hybrid wires is found to be in good agreement with the experimental behaviour. The validated multi-scale model is further used to understand the effect of internal friction between the rods, and between the over-braid sleeve and the rods. A parametric study is conducted using the four-point flexural and torsional models. The range of the coefficients of static friction considered is between two extreme values (i.e. 0 and 1), although the experimental values could be close to 0 for the material systems considered in the hybrid wires. The effect of friction is shown in Fig. 13 for one of the braid configurations (i.e. 45° braid angle with diamond topology), where the equivalent hoop pressure is incorporated (note that in the absence of the equivalent hoop pressure, the effect of friction was observed, as expected, to be negligible). The flexural and torsional rigidities in Fig. 13 are normalised by using the rigidities obtained from the experimentally measured coefficients of friction as the base values for both torsion and flexure.
As can be seen in Fig 13, the predicted torsional and flexural rigidities are observed to be relatively low when the coefficients of friction are assumed to be 0 (i.e. assuming no friction) between the unbonded components. Moreover, as expected, the predicted rigidities are observed to be relatively high when the coefficients of friction between the components are assumed to be 1. When the coefficient of friction between the over-braid sleeve and the rods (i.e. ߤ ௦ ) is assumed to be very small and the coefficient of friction between the rods (i.e. ߤ ) is varied from 0 to 1, the effect of inter-rod friction in the case of flexure is observed to be considerable (~7%), while the effect of inter-rod friction in the case of torsion is found to be negligible (<1%). Similarly, the effect of friction between the over-braid sleeve and the rods is found to be negligible (<1%) on the torsional rigidity and considerable on the flexural rigidity (i.e. ~4% increase when ߤ ௦ is varied from 0.06 to 0.49 for a constant value of ߤ (i.e. 0.49), see Fig. 13 . The comparison of the predicted torsional and flexural rigidities for the other combinations of ߤ ௦ and ߤ values studied is shown in Fig. 13 .
The multi-scale model is also used to understand the effect of specimen length on the predicted torsional and flexural rigidities. In Fig. 14 , the rigidities are normalised by using the experimental rigidities obtained with corresponding span/gauge lengths. As the gauge length increased, a decrease in torsional rigidity was observed; a drop of ~10% in the predicted torsional rigidity is observed as the length increased from 100 mm to 200 mm, followed by a drop of ~2% as the length increased to 300 mm, and beyond 300 mm a stable response is predicted. In the case of flexure, an increase in the model length (span length) causes an increase in flexural rigidity. As shown in Fig. 14 , as the span length is increased from 100 mm to 200 mm, an increase of ~16% is observed; and with further increase in the span length to 300 mm and beyond, an increase of 18%
and 22% in flexural rigidity compared to that of a spam length of 100 m is observed. It can be seen that the span-to-thickness (or a characteristic cross-sectional dimension) ratio should be used carefully for mechanical testing and for computational modelling of hybrid composite wires. As in the case of lower spanto-thickness ratios, the response can be governed by both shear and bending rather than by bending alone.
The effect of span length was studied in [46] where similar behaviour is observed, with short spans offering significantly low flexural stiffness compared to long span lengths.
While the developed multi-scale model is found to be a useful approach that can be employed to conduct parametric studies in order to understand the torsional and flexural behaviour of hybrid wires, it should be noted that this modelling approach cannot be directly applied to understand the behaviour of the hybrid wires at higher strains (when braid tows begin to shear significantly and can change the associated braid angles).
However, the model can successfully be used to predict elastic properties of hybrid wires at lower strains (when the shearing of braid tows is negligible). But, by determining the rate of change of braid angle with increasing strain, a modified approach could be defined to apply the model to higher strains levels.
Conclusions
A multi-scale modelling methodology is developed for predicting the torsional and flexural response of the hybrid composite tensile armour wires proposed by the authors in Gautam et al. [1] as an alternative to traditional carbon-steel tensile armour wires for flexible risers. The hybrid composite wires, which consist of a hexagonal pack of pultruded rods and are held together by an over-braided sleeve, are analysed using a combined analytical-computational approach, which incorporates a combination of micro-and meso-scale analytical models in a macro-scale computational model. The internal friction between the unbonded composite components of hybrid wire is accounted for into the multi-scale model. An equivalent hoop pressure is defined to incorporate the pressure exerted by the over-braid sleeve onto the packed rods as a result of braid tow pre-tension. The predicted elastic torsional and flexural responses are observed to be in good agreement with the experimental response.
For the material and structural parameters considered in this study and from the multi-scale model, the flexural behaviour of hybrid wires is observed to be controlled primarily by the composite rods and the hoop pressure exerted by the braid shell, whilst the torsional response by the composite rods and braid shear stiffness. From the experimental studies conducted in Gautam et al. [1] , although the effect of braid angle and topology on the flexural response of hybrid wires is found to be considerable, the trends observed are inconclusive. However, the parametric studies conducted using the validated multi-scale model predicts a decrease in flexural rigidity with an increase in braid angle, when no hoop pressure is present; conversely an increase in flexural rigidity with an increase in braid angle when hoop pressure is present. The multi-scale model also predicts a higher flexural rigidity for the regular braid topologies when compared with the diamond braid topologies when no hoop pressure is present, and conversely when hoop pressure is present.
The effect of hoop pressure on the flexural response of hybrid wires is found to be considerable, resulting in higher flexural rigidities due to the hoop pressure exerted by the over-braid sleeve on the rods. In the case of torsion, the model predicts a decrease in torsional rigidity with an increase in braid angle, which is in part agreement with the experimental results (i.e. the maximum torsional rigidity is observed for 45° braid angle followed by 30° and 55° braid angle) due to the sensitivity of the model towards crimp in the over-braid sleeves (crimp increases with increasing braid angles). From the predicted torsional responses, a considerable effect of braid topology is found, with relatively higher torsional rigidity for regular braid topology. The effect of hoop pressure on the torsional response of hybrid wires was found to be negligible.
For the material and structural parameters considered and from the parametric studies conducted (see Section 6), it is observed that: (a) the internal friction (i.e. ߤ ௦ and ߤ together with the equivalent hoop pressure)
between the unbonded components of the hybrid wire considerably increases the flexural rigidity (while increase in torsional rigidity is negligible), and (b) the specimen length (to be considered for experimental tests) can affect the measured flexural and torsional rigidity for a given cross-sectional geometry (i.e. the ratio between the span length to the characteristic cross-sectional dimension).
In general, although the develop multi-scale model is based on several assumptions at each scale involved, as the predicted torsional and flexural responses are in good agreement with the test data, the multi-scale approach presented is computationally less expensive and could be applied to similar composite structures. Table 3 : Elastic properties of composite rods Table 4 : The properties of UHMW-PE fibres [34] [35] [36] , and the calculated properties of UHMW-PE tows Table 5 : The homogenised properties of the over-braid sleeves for different configurations 
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